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Introduction

A 16-channel Wave Union TDC firmware has
been implemented 1n an Altera Cyclone 111 FPGA
device (EP3C25F324C6N, $73.90) and has been
tested on a Cyclone III evaluation card.

The same device can fit 32 channels.

Low-power design practice has been applied for
applications 1n vacuum.

Typical delta t RMS resolution between two
channels: 25-30 ps.

Mar. 2011, Wu Jinyuan, Fermilab jywul68@fnal.gov Low-power Wave Union TDC in FPGA for mu2e



The Hardware: Cyclone I1I Evaluation Card
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The chip placed diagonally is the FPGA ((EP3C25F324C6N).
The inputs come from the HSMC connector on the right.

Hit data are stored in a RAM chip (1MB, approx. 120k hits).
Data are read out via the USB to the host computer.
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The Cyclone III Evaluation Card + Adapter Card

m  The 16 input channel in LVDS are connected to the adapter card on the right.
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Block Diagram of 16 Channels

e B
HSMC_RI_P[16..13] o 101
%* TR TA[3.0] SHOUT(3.0] == % DIN[21.0]  DOUT[21.0]
X CRegAp AT ORGR GG AT 0] | CALN DOUT[11..0] DD[11.0]  Hitwe[23.0] [~
%* TETTT TCTRLIB..0] Tvxx L) DV THTK [—
=1 TCX[11..2] Yerrerm TCX[11.2]
53 CKax T SSET1K
CKi1x CHE2
GRFZ insti0
Q0x[3.0]
TOC_CHGRPTY HitBuffda ot »
< HSMC_RX_P[12.9) -
» TALN TA[3.0] SHOUT[3.01 [ DIN[21..0] bouT(21..0)
X iRegAp. 31, 0RERN DrReg AT G | CALIN DOUT[11..0] DD[11..0] Hitwid[23.0] = Outsh1Obich
”» ORI _12;’?‘—1[‘3;0] TWxx TCHTT2] ?(\:fxﬂ , Tk DINS..0] KX —
TREZ CKaE: ! c::sz SSE[Hk“] e DTXS.01 ™= Hsme_c pange]
CK250 STX
CK1x CKE2
176
GRP2 inst18 Outsb10bch
S — DIN(S..0] KX
T TOC_CHGRPTY HitBuffda TR250 oV DTX[S.0] ™= Hsmc_m(_PAD[]
* e [.;,],L.N TA[3.0] SHOUT[3.0] = DIN21.0] DOUT21..0] =0 S
X CrReg AR A10RGRN el 0] || CALN DOUT[11..0] DD[11.0]  Hitwe[23.0] [~
%* T TCTRLIB..0] Tvxx L) DV THTK [—
=1 TCX[11..2] Yerrerm TCX[11.2]
53 CHéx TRz SSET1k DIN[E..0] KTH [—
CKi1x CHE2 @@ oY DTX8.0] [™*  wsmc_TH_PADR)
CK250 STX
GRPT stz inst33
Gutdhithich
TOC_CHGRPTY HitBuffda
< HSME_T_P[15..12] FistoL (iT1chda EviuifiBchi DINS..0] KTX
* TR TA[3.0) SHOUT(3.0] = DIN[21.0]  DOUT[21.0] (= TR oV DTX8.0] [ smc_Tx_PADE]
SrRegAR 31, ORERN CrRegA BT | CALIN DOUT[11..0] DD[11.0]  Hitwiel[23.0] Hitwd[23.0]  HIOW(23.0] HtWd[23.0]  QQOX[8.0] === CK250 STX
* TR TCTRL[S..0] TVxx eI oV TH1k KA Tk THIKOU T Tk Qa1x(8.0] instid
=1 TCX[11..2) ™ TCH(11..2) T OKBK TFout[7.0] = THEET CKe2 Qa2x(8..0] e
53 CKax T SSET1K CK CK250 QQ3[8..0]
CK1x CHE2 THBOT
inetd THE23
GRFD instan

TDC + Data Buffer + Automatic Output SBI.OB + .
Encoder Concentration Calibration Buffer Serialization

= The hit time for each of the 16 channel inputs is digitized and encoded.
s Data from 4 channels are buffered and data from 4 groups of 4 channels are merged together.

= Raw hit times are converted to fine time through automatic calibration block.
m Data from all 16 channels are buffered and sent out via 4 pairs of LVDS ports @250 M bits/s.
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Output Raw Data and Typical Delta T Histogram
Between Two Channels
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CH[3..0] Coarse Time, LSB=4ns, TC[11..0]=96--4095, full range = 4000*4ns=16us Fine Time, LSB=4000 psf256=15625ps
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Resolution at Different Time Delay
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Typical RMS resolution is 25-30 ps.

Measurements with cleaner power (diamonds) is better than noisy power (squares).

Low-power Wave Union TDC in FPGA for mu2e
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‘ Specifications

RMS Resolution (Delta T between two channels) 30 ps

Same channel re-hit time interval 64 ns

Temporary buffer capacity 128 hits/(4 ch)/(16 us)
LVDS output port rate: 250 M bits/s/port
Output capacity in each LDV output port: 128 hits/(16 ch)/(16 us)
Number of LVDS output ports: 1,2,3,4/(16 ch)
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The Hardware: Cyclone III Evaluation Card
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Data from 4 channels are buffered and data from 4 groups of 4 channels are merged together.
Raw hit times are converted to fine time through automatic calibration block.
Data from all 16 channels are buffered and sent out via 4 pairs of LVDS ports @250 M bits/s.
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TDC Implemented with FPGA
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TDC Using FPGA Logic Chain Delay
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m This scheme uses current
FPGA technology ©

s Low cost chip family can be
used. (e.g. EP2C8T144C6
$31.68) ©

= Fine TDC precision can be

implemented 1n slow devices
(e.g., 20 ps 1n a 400 MHz
chip). ©

Mar. 2011, Wu Jinyuan, Fermilab jywul68@fnal.gov

Low-power Wave Union TDC in FPGA for mu2e

12



Two Major Issues In a

Free Operating FPGA
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Auto Calibration Using Histogram Method
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= [t provides a bin-by-bin calibration at
certain temperature.

= [t is a turn-key solution (bin in, ps out)

m [t is semi-continuous (auto update
LUT every 16K events)

0

DNL
Histogram

16 32 48 64
bin

16 32 48
bin

51 l| l Il+£l

Low-power Wave Union TDC in FPGA for mu2e 14




‘ Good, However
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= Auto calibration solved some problems ©
s However, it won’t eliminate the ultra-wide bins ®
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Cell Delay-Based TDC + Wave Union Launcher

T W
ik
Wave Union it The wave union launcher creates
Launcher = i . : ..
In i multiple logic transitions after
s | & receiving a input logic step.
K a8
it :
N7 D i The wave union launchers can be
s g% classified into two types:
v 5 %}? = Finite Step Response (FSR)
<7 LS gml = Infinite Step Response (ISR)
i
N b i C .
i} This 1s similar as filter or other
7 b B linear system classifications:
i .
EHE’ » Finite Impulse Response (FIR)
a i :
V ! s = Infinite Impulse Response (IIR)
CLK |} =
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Wave Union Launcher A (FSR Type)
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Wave UIliOIl Launcher AI 2 Measurements/hit

»

yﬂeZSO—HyperTerminal = I:Illl
File Edit Yiew Call Transfer Help
[3&3|f?“3|§D69 gﬂ I I

TDC tester? Hello world X Al

0000000000000000000000000000000000000!&111111100006&111111111111
0000000000000000000000000000000000000011111111000001111111111111
0000000000000000000000000000000000000111111111000001111111111111
0000000000000000000000000000000000000011111111000001111111111111
0000000000000000000000000000000000000011111111000001111111111111
0000000000000000000000000000000000000011111111000001111111111111
0000000000000000000000000000000000000011111111000001111111111111
0000000000000000000000000000000000000011111111000001111111111111
0000000000000000000000000000000000000011111111000001111111111111
0000000000000000000000000000000000000011111111000001111111111111
0000000000000000000000000000000000000111111111000001111111111111
0000000000000000000000000000000000000011111111000001111111111111
0000000000000000000000000000000000000111111111000001111111113111

0000000000000000000000000000000000000011111111000001111111111111
0000000000000000000000000000000000000111111111000001111111111111
0000000000000000000000000000000000000011111111000001111111111111
0123456789ABCDEF0123456789ABCDEF0123456789ABCDEF0123456789ABCDEF
TDC tester? Hello world x4

000000011111110000001112111121121111131111131311111111113131 111111111111
00000000000000000000000011111111110000011111111111131121111111111
0000000000000000000000000000000000000000000011111111110000111111
000000000000000000000001111111100000111111111121112133112171721111111
0000000000000000000000000000000000000000011111111100000011111111
000000000000000000001111111100001112111211121121213231121331111311111111
0000000000000000000000000000000000000000111111110000011111111111
0000000000000000011111110000000111121112113211211321121331111311111111
0000000000000000000000000000000000000111111111000011111111111111
0000000000000001111111100000111111121121212321121213211113131111111111111
0000000000000000000000000000000000111111110000001111111111111111
000000000000111111110000011111112112121121213111131311113131111111111111
0000000000000000000000000000000011111111000011111111111111111111
0000000001111111000000011111111121212121121313111113111113131 111111111111
000000000000000000000000000011111111100001111111111311211711111111
000000001111110000001112111121121111131231111313111113111113131 111111111111

!

01234567 39ABCDEF0123456789ABCDEF(0123456789ABCDEF0123456789ABCDEF
TDC testdr2 Hello forld xX48
i i
(Connected 0:06:25 | [vT100 [togosn-1  [SCROLL  [caps [mUM  [Capture  [Print echo

Z

1: Unleash
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Sub-dividing Ultra-wide Bins

»
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More Measurements

m Two measurements are better than one.

m Let’s try 16 measurements?
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Wave Union Launcher B (ISR Type)
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Wave Union Launcher B: 16 Measurements/hit

_
L
L L]
1 Hit <
16 Measurements
@ 400 MHz

gq €280 - HyperTerminal

File Edit Yiew Call Transfer Help

D|=| 53]

FEDCBA9876543210FEDCBA9876543210FEDCBA9876543210FEDCBA9876543210
TDC tester3 Hello world X

00111111111111000000000000000000011111111111233321211113333111111111
0011111111111111000000000000000000011111111111111111111100000000
0011111111111111100000000000000000000111111111111111111100000000
0001111111111111111100000000000000000000111111111111111111110000
0001111111111111111111000000000000000000111111111111111111111100
0000111111111111111111110000000000000000001111111111111111111110
0000001111111111111111110000000000000000000011111111111111111111
0000000011111111111111111111000000000000000000011111111111111111
0000000001111111111213133111111110000000000000000001111111111111111
0000000000001111111111111111111100000000000000000011111111111111
0000000000000011111111111111111100000000000000000000111111111111
0000000000000000111111111111111111110000000000000000000111111111
00000000000000000111111111112131111111100000000000000000011111111

VCCINT
=1.20V

0000000000000000000111111111111111111111000000000000000000111111
0010000000000000000000111111111111111111100000000000000000001111
0011000000000000000000001111111111111111111100000000000000000011
FEDCBA9876543210FEDCBA9876543210FEDCBA9876543210FEDCBA9876543210
TDC tester3 Hello world XX
 tester3 Hello world MO

VCCINT

=1.18V

[Connected 5:16:25 [vT100 [t92008-N-1  [SCROLL  [cAPS [WUM  [Capture  [Print echo
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Delay Correction

o4 The raw data contains:
U-Type Jumps: [48-63]2>[16-31]
48 V-Type Jumps: other small jumps.
f— W-Type Jumps: [16-31]>[48-63]
[m]
32 -
Delay Correction Process:
Raw hits TN(m) in bins are first calibrated into
16 TM(m) in picoseconds.

0 2 4 6 8 10 12 14 16 Jumps are compensated for in FPGA so that TM
(m) become TO(m) which have a same value for

suuu L._k,_._—o—r—*‘*\o—H—O\._._. each hit.
Take average of TO(m) to get better resolution.

[0)

m

0 4 8 12 16 U The processes are all done in FPGA.
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The Test Module

Data Output
via Ethernet

FPGA with
8ch TDC

Two NIM
inputs

BNC Adapter P s =
to add delay @ ' L N &
150ps step.

s
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Test Result
NIM Inputs

¥ Wave Union TDC B "~

BNC adapters to add NIV 3 Wave Union TDC B [

delays (@ 140ps step. Wave Union TDC B —*
) LVDS — Wave Union TDC B e
LeCroy 429A ¥ Wave Union TDC B "~

NIM Fanﬂ, » NTM/ ¥ Wave Union TDC B[

TR —= -3 Wave Union TDC B —>

af. , Wu Jinyuan, Fermilab jywul68@fnal.gov LVDS fper \Xalsad.g Wave Union TDC B / 25




‘ Wave Union?

Photograph: Qi Ji, 2010
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Conclusion

Many things can be done in FPGA beyond our
Imagination.
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